Dengue is one of the most important emerging infections of humans, with an estimated annual incidence of 100 million and an increasing distribution across the tropical and subtropical world (Gubler, 2002) . While the majority of dengue virus (DENV) infections may be asymptomatic, a significant proportion of patients experience a self-limited febrile disease (DF), sometimes of sufficient seriousness to require hospitalization, and a minority develop serious dengue disease, often classified as dengue haemorrhagic fever (DHF) and dengue shock syndrome (DSS).
The mechanisms that underpin DENV pathogenesis remain uncertain. The most cited hypothesis is that severe disease results from antibody-dependent enhancement following sequential infections with multiple DENV serotypes (DENV-1 to DENV-4) (Halstead et al., 1980) . However, it is possible that some cases of severe dengue disease that present as secondary infections are in fact caused by an overactive T-cell response (Mongkolsapaya et al., 2003) .
Alternatively, it is possible that particular strains of DENV have acquired mutations that increase their virulence. Specifically, an 'Asian' genotype of DENV-2 is thought to be more often associated with severe dengue disease in the Americas than the previously circulating 'American' genotype (Rico-Hesse et al., 1997) . Although differences in the ability of DENV strains to infect different cell lines have been described in vitro (Cologna & Rico-Hesse, 2003) , whether these explain large-scale epidemiological patterns is unclear.
The genome of DENV comprises a single, positive-sense RNA molecule of approximately 11 kb translated as a single polyprotein. The coding region is flanked by a 59-untranslated region (UTR), of approximately 94 nt, and a 39-UTR of 388-462 nt (Chambers et al., 1990) . The 39-UTR contains several conserved elements, designated CS1 (complementary or cyclization sequences), CS2 and RCS2 (repeated CS2), as well as a 39-long stable hairpin (LSH) structure, which is conserved among all members of the family Flaviviridae (Hahn et al., 1987) . The 39-UTR is thought to play a pivotal role in viral biology (Alvarez et 2005a, b; Blackwell & Brinton, 1995; Chiu et al., 2005; Durbin et al., 2001; Hahn et al., 1987; Men et al., 1996; Proutski et al., 1997a; Yu & Markoff, 2005; Zeng et al., 1998) . In particular, it has been proposed that the 39-UTR forms conserved secondary structures that interact with viral and host nucleic or protein factors to form a complex involved in the regulation of transcription and replication of minus-strand RNA, and which may also enhance the efficiency of translation.
It has been suggested that there is an association between specific RNA secondary structures in the 39-UTR of DENV and disease outcome (Leitmeyer et al., 1999; Mangada & Igarashi, 1997; Proutski et al., 1997b) . For example, it has been proposed that Asian and American genotypes of DENV-2 exhibit diagnostic differences in the 39-UTR (and 59-UTR) such that it is a primary determinant of DHF/DSS (Leitmeyer et al., 1999) . However, viral isolates associated with DF and DHF can have the same 39-UTR sequence and hence predicted secondary structures (Mangada & Igarashi, 1998; Rodriguez-Roche et al., 2005; Shurtleff et al., 2001 ).
The role played by the 39-UTR in determining the severity of dengue disease therefore remains unclear. A limitation of some previous studies is that they were carried out with either a small sample of viral isolates or only considered part of the 39-UTR. To alleviate such problems, we explored the association between the structure of the DENV 39-UTR and disease outcome using genome data from all four DENV serotypes, collected from a well-defined population in Thailand over a period of 30 years (Nisalak et al., 2003) . These sequences were combined with a larger set of 39-UTR sequences from all four DENV serotypes sampled on a global basis.
The consensus sequences of 32 complete genomes of DENV-1 to DENV-4 were sampled from dengue patients admitted to the Queen Sirikit National Institute of Child Health (QSNICH), Bangkok, Thailand from 1973 to 2003. Background epidemiological and methodical data are described elsewhere (Klungthong et al., 2004; Zhang et al., 2005 Zhang et al., , 2006 . To complement these data, we compiled 61 complete DENV genome sequences from GenBank for which information on disease status was also available: DENV-1=7 (5 DF and 2 DHF/DSS), DENV-2=36 (14 DF and 22 DHF/DSS), DENV-3=18 (14 DF and 4 DHF/DSS), DENV-4=0. This provided sequences from a wide range of geographical locations and was termed our 'global' dataset. GenBank accession numbers and other relevant information are given in Supplementary Table S1 (available in JGV Online).
For each of the 32 Thai DENV isolates, we extracted the complete envelope (E) gene (1479-1485 bp) and 39-UTR (388-462 nt) sequences. Sequence alignments within and among serotypes were constructed using the CLUSTAL X 1.8 program (Thompson et al., 1997) and checked manually. To determine the DENV genotype of each sequence, phylogenetic trees were inferred from their E gene sequences using the maximum-likelihood (ML) method available in the PAUP* package (Swofford, 2003) . In all cases the GTR+I+C 4 substitution model was employed with all parameters estimated from the data.
The 39-UTR secondary structures were estimated using the MFOLD package (Zuker, 2003; Mathews et al., 1999) . As MFOLD gives multiple meta-stable structures of a certain minimum energy level, we calculated two structures for each isolate, denoted 'str1' and 'str2'. In all cases str2 is a suboptimal structure. We assume that the smaller the variance between these two structures the more reliable the prediction. The default parameters were used in all other cases. To ensure further that our structures were reliable, we also employed the RNA-fold program available in the Vienna RNA package (Hofacker et al., 1994) , which has proven useful in predicting flavivirus 39-UTR structures (Rauscher et al., 1997) .
We undertook a comparative analysis of predicted 39-UTR RNA secondary structures from a large sample of Thai and global isolates of DENV. In most cases, only small differences were observed between the two meta-stable structures predicted by MFOLD, and the structures predicted by MFOLD and the Vienna Package were generally consistent.
The extent of intra-serotype diversity differed considerably between serotypes, with the greatest diversity seen in DENV-4 (33 variable sites), followed by DENV-1 (26 variable sites), DENV-2 (24 variable sites) and DENV-3 (13 variable sites). Most variable sites are located in the hypervariable region (positions nt 0-146 in our four-serotype alignments) and may therefore affect the subsequent folding considerably. Indeed, the hypervariable region exhibits extensive size variation between serotypes, with a length of 136 nt in DENV-1, 121 nt in DENV-2, 116 nt in DENV-3 and only 48 nt in DENV-4.
We directed most attention to the 39-LSH. As this structure is critical for virus viability, it is expected to be present in all viruses studied. In total, a full-length 39-LSH was absent in 17 of 93 sequences from the global dataset, in either str1 or str2, or the structures predicted by the Vienna Package (Supplementary Table S1 available in JGV Online). In these cases, only part of the 39-LSH structure was identified, comprising~30-40 nt, instead of the expected~100 nt. Of the isolates with shortened 39-LSH structures, DENV-1 isolates ThD1-0442/80 and ThD1-0673/80 are notable in that they are invariant in the 39-LSH region itself, but exhibit 11 unique mutations upstream of the 39-LSH, which may have disturbed this structure ( Supplementary Fig. S1 available in JGV Online). Similarly, DENV-4 isolate ThD4-0734/ 00 lacks a complete 39-LSH, again probably due to upstream sequence interference. The possible influence of upstream mutations sits in contrast to most models of 39-UTR secondary structure, although it is unclear whether these aberrant 39-LSH structures could be stabilized by cellular/viral proteins and/or long-range RNA-RNA interactions in vivo.
We next examined the disease association of each of the 39-UTR structures. For the Thai data, DENV-1 is the most illuminating serotype (Fig. 1a) . Our previous phylogenetic analysis (Zhang et al., 2005) Of the five Thai DENV-2 strains associated with DF, ThD2-0263/95 and ThD2-0055/99 have the same secondary structure, containing structure MA (definition below; Fig. 2a) . A very similar structure is found in isolates ThD2-0017/98 and ThD2-0026/88. Sequence ThD2-0284/90 has less similarity in secondary structure with the other viruses associated with DF and is the only representative of the AsianAmerican genotype. Four of five DHF isolates possess the same secondary structure, including structure MA (Fig. 2a) . However, these four isolates have the same secondary structure as DF isolates ThD2-0263/95 and ThD2-0055/99, again showing that there is no clear association between secondary structure and disease syndrome. Finally, the remaining sequence from the DHF group (ThD2-0498/84) has very different structure (data not shown).
In the case of DENV-3, all DF isolates have identical 39-UTR secondary structures (Fig. 1b) , while all DENV-3 isolates associated with DHF have different structures. However, isolate ThD3-0055/93 associated with DHF, has the same sequence, and hence RNA secondary structure, as the three DF strains. The two remaining DHF isolates (ThD3-0010/87 and ThD3-1687/98) have different structures (Supplementary Fig. S2 available in JGV Online), although they possess the same 39-LSH as the DF strains.
Finally, for DENV-4, isolates ThD4-0017/97 (DF) and ThD4-0476/97 (DHF) have the same predicted structures (Fig. 1c) . Further, ThD4-0087/77 associated with DHF and ThD4-0734/00 associated with DF share the same secondary structure ( Supplementary Fig. S3 available in JGV Online). The structures of two viruses -ThD4-0348/91 associated with DF and ThD4-0485/01 associated with DHF -are very different from the others, containing only two modules shared with other members of this serotype (regions shown in red in Fig. 1c) . Finally, for all serotypes, the general lack of association between the 39-UTR and disease was not affected if only isolates taken from primary or secondary infections were analysed.
We performed a similar analysis on our global dataset of 93 strains, although no extra data were available for DENV-4. In DENV-1 and DENV-3, we again found no clear association between secondary structure and disease severity. We determined 14 groups of sequences (with at least two sequences in each group and totalling 41 isolates), in which each group is composed of isolates with the same secondary structure but with differing disease associations (Supplementary Table S2 available in JGV Online).
Because the largest number (46) of isolates is available for DENV-2, we considered their case in more detail (Supplementary Table S3 available in JGV Online). Overall, we recognized six majority (M) structures in the 39-UTR of DENV-2, denoted MA, MB, MC, MD, ME and MF, and (Leitmeyer et al., 1999) , with its sequence expanded to full length by replacing the missing 40-50 nt of the 39-end with the DENV-2 consensus sequence. The region in red represents nucleotides at the 39 terminus that should pair with themselves and fold into the 39-LSH. All structures were modified from the original MFOLD predictions to enhance clarity only.
which differ from each other in small modules of no more than 30 nt ( Fig. 2; =6?89; P=0?009). However, many of the DHF/DSS strains were sampled from the same population during the same epidemic and hence do not represent independent variables. We therefore performed a phylogenetic analysis of the DENV-2 data using their associated E gene sequence as a marker of evolutionary history. This revealed that many of the DHF/DSS isolates form a monophyletic group that was contemporaneous in time and space ( Supplementary Fig. S5 available in JGV Online), suggesting that these isolates are descendants of a single virus associated with DHF. Because of such pseudo-replication, we corrected our statistical analysis by retaining only one isolate from this clade. This resulted in a marginally non-significant association (x 2 =3?4; P=0?065). The possible association between disease syndrome and the DENV-2 39-UTR therefore needs to be investigated with a larger number of viral isolates sampled from independent outbreaks.
The lack of a consistent association between the secondary structure of the 39-UTR and disease syndrome has a number of important implications. Most fundamentally, if there is a virological basis to the clinical outcome of DENV infection, then it is likely to reflect the action of multiple gene loci that may interact in a complex manner. As such, specific 39-UTR structures alone are unlikely to be a strong predictor of clinical outcome. It is also evident that, because of the high level of intra-host genetic variation observed in DENV (Aaskov et al., 2006; Lin et al., 2004; Wang et al., 2002) , the viral population within individual hosts will in reality comprise a spectrum of secondary structures, perhaps with differing interactions and disease associations. Indeed, the free energies between the meta-stable structures of MFOLD are generally very small and it is possible that they will be able to transform among each other, forming a dynamic equilibrium between alternative structural conformations. Finally, even though the association between 39-UTR sequence/structure and viral virulence is weak, it is clear that some mutations in this region may have a major impact on viral fitness. In particular, it is striking that those viral genomes that lack a full-length 39-LSH -most members of the American genotype of DENV-2 and representatives of genotype III of DENV-3 -have both suffered extinction, or near extinction, in their respective host populations (Rico-Hesse et al., 1997; Zhang et al., 2005) .
